METHODS

Animal models. Sixty female New Zealand
White rabbits from a single vendor (2-3 kg; 9-12 months of age) were used for study. All animals were fed a standard diet and water as needed and were housed according to University of Minnesota institutional guidelines. These studies were approved by the University of Minnesota Animal Rights Committee and complied with the Principles of Laboratory Animal Care and the Guide for the Care and Use of Laboratory Animals.
Construction of the oxygen microelectrode. Transarterial wall oxygen tension measurements were performed with an oxygen microelectrode constructed by the technique of Silver. 25 Briefly, a 30gauge 80% platinum-20% iridium wire (California Fine Wire Co, Grover City, Calif) was electropolished to a 1-to 5-µm tip in a saturated alkaline NaCN solution with an alternating current of 0.5 to 2 amps at 5 to 10 volts. The wire was evenly tapered from the 1-to 5-µm tip to a diameter of approximately 100 µm at a distance of 200 to 300 µm from the tip. The electropolished wire was then coated with leaded glass, with the wire tip left exposed. The glass near the tip was sufficiently thin as to not add to the overall diameter of the electrode. The performance of the electrode was assessed in an oxygenated saline bath, and the size of the exposed tip was determined by an assessment of the amount of current per millimeters of mercury of oxygen. A current-voltage polarogram was constructed to look for a plateau between -0.6 and -0.8 volts. If the electrode performed satisfactorily, it was coated with polymethylmethacrylate (Polysciences, Inc, Warrington, Pa), leaving the tip exposed. The electrode was then tested before use with the criteria described by Silver. 25 The six criteria needed to be met by the electrode were (1) the current reading in the fluid bath was not affected by fluid movement, (2) the current per millimeters of mercury of oxygen was less than 1 × 10 -10 amps, (3) there was a linear relationship between oxygen tension and current measurement, (4) there was a negligible current measurement at an oxygen tension of zero, (5) the response of the electrode to changes in oxygen tension was rapid (stabilization within 5 seconds), and (6) the electrode tip surface was noted to be smooth without contour irregularities when it was examined microscopically. The electrode was soaked in fresh rabbit serum (prepared in our laboratory by standard techniques) for 30 minutes to allow for surface coating with plasma proteins. Immediately before and after the measurement of the transarterial wall oxygen gradient, the electrode was calibrated in an oxygenated saline solution bath at 39.0°C (the average core temperature of the rabbits while undergoing a laparotomy and general anesthesia) at oxygen tensions of 0 and 89 mm Hg.
Creation of a PVG-to-artery anastomosis. All rabbits were anesthetized with ketamine (40 mg/kg) and xylazine (5 mg/kg) intramuscularly and blindly intubated with a 3-mm endotracheal tube. Anesthesia was maintained with isofluorane inhalation (Abbott Laboratories, Chicago, Ill). Penicillin (150,000 units) was administered intramuscularly; the infrarenal aorta was exposed through a midline incision, and lumbar branches were ligated as needed to completely dissect the distal 2 cm of infrarenal aorta, with care taken to preserve the vasa vasorum. The rabbits then received 200 U/kg of intravenous heparin; the distal aorta was clamped, and a 1-cm segment was excised 0.5 cm proximal to the aortic bifurcation. A 1-cm length of 3 mm diameter polytetrafluoroethylene graft (W.L. Gore and Associates, Elktron, Md) was sewn end-to-end into the aorta with 8-0 polypropylene suture. Perioperative blood loss was replaced with intravenous normal saline solution. Postoperative analgesia of buprenorphine (0.05 mg/kg, intramuscularly) was administered for 48 hours.
Control animals. Control rabbits were anesthetized, intubated, and the aortic dissection was completed as described earlier.
Transarterial wall oxygen gradient measurements. After electrode calibration, the transarterial wall oxygen gradients were measured in a control group and at various time points after the creation of the PVG-to-artery anastomosis. These time points included days 0 (the transarterial wall oxygen gradient was measured immediately after creation of the PVG-to-artery anastomosis), 7, 14, 28, and 42. Control rabbit transarterial wall oxygen gradients were measured immediately after aortic dissection (without creation of an aortotomy). All rabbits were anesthetized (as previously described); the abdomen was reopened through the previous incision, and the infrarenal aorta was exposed, with care taken not to disrupt the vasa vasorum. The aorta was first covered topically with a solution of 2% lidocaine (Xylocaine) to prevent vasospasm, and the area was gently blotted dry. The oxygen microelectrode was brought into contact with the perianastomotic aortic adventitia (2 mm distal to the distal anastomosis) under direct vision with an operating microscope at a 90degree angle with a micromanipulator (Model MO-11; Narishige Scientific Instrument Laboratory, Tokyo, Japan). A drop of light mineral oil was applied to the body of the electrode and allowed to run to the tip (which was in contact with the aortic wall adventitia) to prevent electrical noise from nearby movement or air currents during the experiment. The electrode was advanced through the aortic wall in 5-µm intervals, which allowed for the stabilization of the oxygen readings at each point before further electrode advancement. Oxygen tension measurements were recorded at 10-µm intervals with a chemical microsensor (Model 1201; Diamond General Corp, Ann Arbor, Mich), and the transarterial wall oxygen profile was recorded with a chart recorder. A sudden rise in current coupled with a pulsatile recording signified entry into the aortic lumen.
After the measurement of the transarterial wall oxygen gradient, the electrode was again placed in an oxygenated saline solution bath and recalibrated at 0 and 89 mm Hg oxygen tensions to confirm that no significant drift had occurred during the experiment. If this recalibration revealed greater than a 7% drift in oxygen tension readings, the transarterial wall oxygen profile was discarded, and the electrode was tested for a mechanical flaw.
Two measurements were performed at each location on each rabbit. As the result of mechanical malfunctions, electrode breakage, electrode calibration drift, or unstable physiologic conditions, two recordings could not be obtained on all rabbits. Therefore six of 10 control rabbits and five of 10 rabbits in each of the remaining groups (days 0, 7, 14, 28, and 42) completed the experiments.
Arterial blood pressure measurements. Arterial blood pressure was continuously monitored during the measurement of the transarterial wall oxygen gradient with an indwelling femoral artery catheter and a standard pressure transducer system.
Arterial blood gas analysis. Immediately after the measurement of the transarterial wall oxygen gradient, blood was withdrawn through the previously placed indwelling femoral artery catheter and sent to the clinical laboratory at the Veterans Affairs Medical Center, Minneapolis, Minn, for arterial blood gas analysis.
Artery-wall thickness. Artery-wall thickness was measured in vivo by the recording of the distance from the adventitia to lumen entry with the use of the micromanipulator.
Histologic features. The aorta was gently flushed with normal saline solution, and perfusion was fixed with 4% (weight/volume) phosphatebuffered formaldehyde, followed by further fixation with 4% formaldehyde for 48 hours. After the fixation, the periadventitial tissue that surrounded the aorta (taking care to preserve the vasa vasorum) was removed, and 5-µm-thick transverse sections taken throughout the anastomosis.
Statistics. Values are expressed as the mean ± SD. Data were analyzed using analysis of variance for a repeated measures design. An F test statistic was JOURNAL OF VASCULAR SURGERY Volume 31, Number 6 Santilli, Wernsing, and Lee 1231 first calculated to determine the overall probability value. If the overall probability value was less than .05, then the Scheffe's post hoc test was used for multiple comparisons.
RESULTS
Transarterial wall oxygen measurements
Control group and day 0 group
Control group (n = 6 rabbits). The oxygen tension at the adventitia was 61.3 ± 3.9 mm Hg, fell to a nadir of 28 ± 4.3 mm Hg at 70% of the distance through the artery wall, and then rose to 35.4 ± 6.8 mm Hg before lumen entry.
Day 0 group (n = 5 rabbits). The oxygen tension at the adventitia was 25 ± 3.2 mm Hg and remained stable (25.4 ± 2.6 mm Hg at 60% of the distance through the artery wall) then rose to 31.6 ± 4.3 mm Hg before lumen entry.
Comparison. Oxygen tensions were significantly decreased in the outer 60% of the artery wall and at 99% of the distance through the artery wall in the day 0 group, when compared with control rabbits (Fig 1) .
Control group and day 7 group
Day 7 group (n = 5 rabbits). The oxygen tension at the adventitia was 19.6 ± 2.2 mm Hg, fell to a nadir of 17 ± 2 mm Hg at 70% of the distance through the artery wall, and then rose to 29.2 ± 1.9 mm Hg before lumen entry.
Comparison. Oxygen tensions were significantly decreased throughout the artery wall, except at 80% of the distance through the artery wall in the day 7 group when compared with control rabbits (Fig 2) .
Control group and day 14 group
Control group (n = 6). The oxygen tension at the adventitia was 61.3 ± 3.9 mm Hg, fell to a nadir of 28 ± 4.3 mm Hg at 70% of the distance through the artery wall, and then rose to 35.4 ± 6.8 mm Hg before lumen entry (Fig 3) .
Day 14 group (n = 5). The oxygen tension at the adventitia was 17.4 ± 3 mm Hg, fell to a nadir of 15 ± 2 mm Hg at 65% of the distance through the artery wall, and then rose to 30 ± 2.3 mm Hg before lumen entry.
Comparison. Oxygen tensions were significantly decreased throughout the artery wall, except at 80% of the distance through the artery wall in the day 14 group when compared with control rabbits.
Day 0 group, day 7 group, and day 14 group Day 0 group (n = 5). The oxygen tension at the adventitia was 25 ± 3.2 mm Hg and remained stable (25.4 ± 2.6 mm Hg at 60% of the distance through the artery wall) then rose to 31.6 ± 4.3 mm Hg before lumen entry.
Day 7 group (n = 5). The oxygen tension at the adventitia was 19.6 ± 2.2 mm Hg, fell to a nadir of 17 ± 2 mm Hg at 70% of the distance through the artery wall, and then rose to 29.2 ± 1.9 mm Hg before lumen entry. Day 14 group (n = 5). The oxygen tension at the adventitia was 17.4 ± 3 mm Hg, fell to a nadir of 15 ± 2 mm Hg at 65% of the distance through the artery wall, and then rose to 30 ± 2.3 mm Hg before lumen entry.
Comparison. Oxygen tensions were similar between day 7 and day 14 groups and were significantly decreased in the outer 60% of the artery wall in the day 7 and day 14 groups, when compared with day 0 (Fig 4) .
Control group and day 28 group
Control group (n = 6) . Theoxygen tension at the adventitia was 61.3 ± 3.9 mm Hg, fell to a nadir of 28 ± 4.3 mm Hg at 70% of the distance through the artery wall, and then rose to 35.4 ± 6.8 mm Hg before lumen entry.
Day 28 group (n = 5). The oxygen tension at the adventitia was 39.2 ± 2.2 mm Hg, fell to a nadir of 25 ± 1.8 mm Hg at 70% of the distance through the artery wall, and then rose to 34.5 ± 2.1 mm Hg before lumen entry. Comparison. Oxygen tensions were significantly decreased in the outer 50% of the artery wall in the day 28 group, when compared with control ( Fig 5) .
Control group and day 42 group Control group (n = 6). The oxygen tension at the adventitia was 61.3 ± 3.9 mm Hg, fell to a nadir of 28 ± 4.3 mm Hg at 70% of the distance through the artery wall, and then rose to 35.4 ± 6.8 mm Hg before lumen entry.
Day 42 group (n = 5). The oxygen tension at the adventitia was 58.5 ± 2.1 mm Hg, fell to a nadir of 25 ± 1.9 mm Hg at 70% of the distance through the artery wall, and then rose to 36 ± 3.1 mm Hg before lumen entry.
Comparison. There were no differences in arterywall oxygen tensions between the control group and the day 42 group (Fig 6) . Note that all comparisons of artery-wall oxygen tensions were made at a similar percent distance through the artery wall because of the variation in artery-wall thickness noted between locations.
Arterial blood pressure. There was no significant difference in arterial blood pressure (monitored during measurement of the transarterial wall oxygen gradients) among any of the animals used for the study. The mean systolic blood pressure was 92.1 ± 45.2 mm Hg, and the mean diastolic blood pressure was 61.9 ± 6.6 mm Hg. There was no variation in blood pressure during the experiment (blood pressure was continuously monitored) in any of the animals used for data analysis.
Arterial blood gas analysis. There was no difference in the partial pressure of oxygen in the arterial blood gas analysis among any of the animals in any group used for the study. Mean partial pressure of oxygen was 87.3 ± 4.35 mm Hg.
Histologic features. There was evidence of intimal thickening in all groups, except control and day 0. Vasa vasorum were identified only in the periadventitial tissue, with no evidence of penetration of the vasa vasorum into the media in any specimen by light microscopy. Light microscopy revealed no periadventitial vasa vasorum immediately after the placement of the PVG, with a return of periadventitial vasa vasorum by days 28 and 42.
Artery-wall thickness. Artery-wall thickness as recorded from the adventitia to the lumen was 202.7 ± 2.7 µm in the control group, 196.4 ± 3.6 µm in the day 0 group, 198.8 ± 3.9 µm in the day 7 group, 202.0 ± 3.7 µm in the day 14 group, 200.0 ± 3.2 µm in the day 28 group, and 196.3 ± 4.1 µm in the day 42 group. There was no difference in artery-wall thickness between the groups.
An apparent discrepancy exists between the presence of intimal thickening and no difference in artery-wall thickness. However, a review of our histologic preparations reveals that intimal thickening was occurring and increasing over time from 18 ± 3 µm at day 7 to 48 ± 6 µm at day 42. These small but consistent differences in intimal thickness did not result in a change in overall artery-wall thickness because we observed a change in thickness of other 
DISCUSSION
IH can be described as an abnormal proliferation of cells and connective tissue elements occurring at sites of endothelial injury. It is a leading cause of failure after vascular reconstructive surgery, including the placement of a PVG into the arterial tree. 1,2 PVG failure leads to repeat hospitalizations, repeat operative procedures, loss of limb and life, decreased quality of life, and increased costs. 1,2 IH most commonly occurs at the distal anastomosis of a PVG-to-artery bypass graft. 2, 26 Despite extensive investigation, the cause of IH remains unknown. This experiment attempted to determine the effect of a PVG-to-artery anastomosis on artery-wall oxygen tensions 2 mm distal to the distal anastomosis.
Our study examined the artery-wall oxygen tensions 2 mm distal to the distal anastomosis of rabbits in which the infrarenal aortas had been replaced with a PVG. We selected this location for two reasons: IH occurs more frequently at the distal anastomosis and significant suture-line scarring made measurement of the transarterial wall oxygen gradient at the anastomosis technically difficult.
We believe that we have the first in vivo evidence that the creation of a PVG-to-artery anastomosis alters the transmural oxygen tension. Our data demonstrate that oxygen delivery to the outer 60% of the artery wall is decreased immediately after the replacement of the distal aorta with a PVG, as compared with control rabbits. The oxygen tension values were further decreased 7 and 14 days after the replacement of the distal aorta with a PVG, being lower at all locations throughout the artery wall except at 80% of the distance through the artery wall toward the lumen, when compared with control rabbits. Oxygen tensions began to increase but remained lower than control values in the outer 50% of the artery wall on day 28 and eventually returned to control values on day 42. These changes were noted despite the same partial pressure of oxygen in arterial blood and blood pressure in all groups.
Artery-wall hypoxia leading to artery-wall pathologic features (atherosclerosis, IH, and fibromuscular dysplasia) is a topic of past and current investigation. Heuper 5 in 1945 first suggested that arterywall hypoxia may have a role in the pathogenesis of atherosclerosis. Martin et al 6 reported that arterywall hypoxia, because of thrombosis of the vasa vasorum, is an initial lesion in atherosclerosis. Crawford and Kramsch 4 reported that hypertension causes artery-wall hypoxia and could lead to atherosclerosis through oxyradicals. 3 Santilli et al have shown that risk factors for atherosclerosis (diabetes, 7 hypertension, 8 cigarette smoking, 9 aging, 10 and artery bifurcation 11 ) lead to artery-wall hypoxia before the formation of an atherosclerotic lesion. Nakata and Shionoya 14 determined that artery-wall hypoxia, because of the removal of the vasa vasorum, resulted in intimal vascular lesions resembling IH. Williams 15 demonstrated that freeing the femoral artery from its surrounding connective tissue (thereby disrupting the vasa vasorum) leads to fibroelastic intimal thickening, and Brody et al 13 demonstrated that the interruption of the vasa vasorum leads to medial fibrosis from tissue hypoxia. Barker et al 12 reported that the removal of the adventitia of the rabbit carotid artery induced the formation of IH. Stanley 16 has hypothesized that fibromuscular dysplasia is, in part, because of artery-wall hypoxia.
Wolinsky and Glagov 27 have previously shown that arteries with the diameter and wall thickness of the rabbit aorta do not have a medial vasa vasorum. Niinikoski et al 28 demonstrated that a transarterial wall oxygen gradient is present in normal rabbit aortas with oxygen tensions falling from the adventitia and reaching a nadir at the junction of the inner one third and outer two thirds of the vessel wall. Oxygen tensions then slowly rise until the lumen is entered. It is proposed that the outer two thirds of the artery wall is supplied with oxygen by the vasa vasorum, although the inner one third of the artery wall is supplied by luminal diffusion of oxygen. 29 Control oxygen profiles in this study show oxygen tensions steadily falling away from the adventitial or luminal surfaces of the artery, which suggests that the rabbit aortic wall is not supplied by any penetrating vessels from the vasa vasorum. This fact is supported by light microscopic examination that has revealed the vasa vasorum to be present only in the periadventitial tissue of the specimens, with no penetrating vessels. Immediately after the replacement of the infrarenal aorta with a PVG, oxygen tensions are decreased in the outer artery wall 2 mm distal to the distal anastomosis. These findings correlate with the loss of vasa vasorum noted on light microscopy and are related to the anastomosis. There is a further decrease in oxygen tension values noted throughout the entire artery wall on days 7 and 14, which would not be directly related to the anastomosis. This further decrease in oxygen tensions noted on days 7 and 14 would correlate with increased oxygen consumption from the described increase in SMC activity noted by other investigators 7 and 14 days after the arterial injury. [30] [31] [32] Therefore we hypothesize that artery-wall hypoxia occurs first, followed by SMC migration. We hypothesize that these SMCs then become activated, consume oxygen, and contribute to a further decrease in artery-wall oxygen concentrations. Work is currently ongoing to further investigate this hypothesis. We noted a gradual return of oxygen profiles to normal by day 42 (correlating with data from other investigators describing a decrease in cellular activity [30] [31] [32] ) and a corresponding of periadventitial vasa vasorum on light microscopic examination.
The cellular events of IH have been clearly defined. In the first few days after the placement of a PVG, the luminal surface is covered with a thin layer of platelets and mononuclear cells with loss of endothelium (although inflammatory cells are in the media). Arterial re-endothelialization is complete at 1 week, and the intima is more than one cell-layer thick, being populated with endothelial cells and SMCs. Intimal thickening is the prominent feature at 3 to 4 weeks; the intima has nearly the same cell density as the media of the adjacent artery. Most cells within the thickened intima are SMCs although the adventitia of the artery wall contains fewer cells, mostly fibroblasts. At 8 to 10 weeks the main finding noted is a progressive increase in the amount of extracellular matrix. [30] [31] [32] SMC proliferation begins 24 hours after intervention, reaches a maximum 4 days after injury in the media and 7 days after injury in the intima, and stops spontaneously 4 weeks after. [30] [31] [32] We noted a change in the thickness of various layers of the artery wall over time. This surprising finding is an area for future research. We noted low artery-wall oxygen tensions 2 mm distal to the distal anastomosis of a PVG-to-artery anastomosis (17-24 mm Hg oxygen), and other investigators have shown that the function of vascular SMCs (the known cellular components of IH) is altered when exposed to a similar oxygen environment. [17] [18] [19] Hypoxic vascular SMCs produce collagen [17] [18] [19] and proliferate (activity similar to that found in SMCs in IH). [17] [18] [19] [20] [21] [22] [23] We now propose that relative artery-wall hypoxia at the distal anastomosis of a PVG-to-artery anastomosis results in altered SMC function, thereby contributing to IH.
Some models 33 may predict that the creation of a PVG-to-artery anastomosis should result in tissue oxygen levels approaching zero, which we did not find in our study. We feel that tissue oxygen levels at the anastomosis may approach zero, but our measurements were performed 2 mm distal to the anastomosis. We did not perform our measurements at the anastomosis because the degree of scarring makes preservation of the vasa vasorum very unlikely and because of electrode breakage on contact with suture material.
Artery-wall oxygen tension was noted to be significantly decreased immediately adjacent to the lumen in the day 0 anastomosis group compared with the control group. We found no evidence of intraluminal thrombus in our specimens and hypothesize that this finding could be due to an increase in suture line circumferential wall stress that impaired luminal oxygen diffusion.
We may be criticized for our use of a nonrecessed tip metal oxygen microelectrode and a nonvibratory technique for electrode advancement. We feel that the reliable in vivo measurement of artery-wall oxygen tensions can only be accomplished with a metaltipped electrode. In our experience and that of others, 34 use of a glass-tipped electrode is reliable in vitro, but in vivo use frequently results in electrode breakage and has necessitated the development of a vibratory advancement system to decrease electrode breakage. A vibratory technique for electrode advancement has been proposed as a method to prevent tissue distortion and false oxygen readings. However, with our technique of electrode construction (very fine, pointed tips) and electrode advancement (5-µm intervals, allowing for stabilization), we note no tissue distortion with an operating microscope and consider our oxygen values reliable.
Some may question the rapid rise of oxygen tensions immediately before lumen entry as a false reading as the result of tissue distortion because this same increase is not observed by those researchers who use the vibratory method of electrode advancement. Our previous work [7] [8] [9] [10] [11] and that of others 28 consistently demonstrates this gradient, and we feel that this finding may reflect the effects of laminar blood flow, which results in a stagnant layer of relatively hypoxic red blood cells at the endothelial cell surface. Use of a vibratory electrode advancement system (average tissue distortion, 2.7 µm 35 ) may dis-rupt laminar blood flow and explain the lack of the steep luminal oxygen gradient observed with the vibratory advancement technique.
The validity of the rabbit model of IH, as it applies to the human condition, may be questioned. However, this model has been used successfully by other investigators and does mimic the human condition both on gross and microscopic examination. 3, 4, 6, 12, 24 We chose to use a noncholesterol-supplemented model of IH to eliminate the confounding variable of hypercholesterolemia and its effect on artery-wall oxygen concentration and IH.
Our control group did not undergo an intervention that removes the vasa vasorum as demonstrated on histologic evidence. Therefore our results do not exclude the chance that simple disruption of the vasa vasorum, exclusive of the presence of an arterial anastomosis, would result in artery-wall hypoxia and IH. The role of the vasa vasorum and any additive effect of an artery-to-PVG anastomosis on arterywall hypoxia and IH is an area of ongoing research.
This study demonstrates that there is a decrease in the delivery of oxygen to the artery wall 2 mm distal to the distal anastomosis of a PVG-to-artery anastomosis in the rabbit infrarenal aorta. Low artery-wall oxygen tensions may contribute to IH at a PVG-to-artery anastomosis.
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